Background: The purpose of the study was to assess the postural stability and complexity of postural control for moderately physically active individuals with spinal fusion for adolescent idiopathic scoliosis at two years postoperation. Methods: Limit of stability test and sensory organization test were conducted for 10 moderately physically-active participants with spinal fusion and 10 controls pair-matched for mass, height and physical activity level. During the limit of stability test, participants were instructed to lean the center of gravity as far as possible toward 8 predetermined directions and the maximum excursion and direction control were analyzed. During the sensory organization test, participants were instructed to maintain as still as possible in six test conditions and equilibrium scores and sway area of center of pressure were analyzed. Multi-scale entropy of center of pressure was calculated to quantify sway complexity. Findings: Most postural stability outcomes of spinal fusion participants were comparable to controls except for significantly reduced equilibrium scores (p = 0.039, partial η 2 = 0.217). Moreover, spinal fusion participants exhibited tendencies of reduced direction control (p = 0.053) during the limit of stability test and greater sway area (p = 0.052) during the sensory organization test. Interpretation: Although the center of gravity control might be affected, spinal fusion individuals who were moderately physically active likely progressively learned to adapt postoperatively to their fused spine to meet the postural demands required when performing physical movements. We suggest that spinal fusion is a satisfactory treatment in regard to the recovery of postural stability.
Introduction
Adolescent idiopathic scoliosis (AIS) is the most common spinal deformity during adolescence, which primarily affects the frontal plane (e.g., lateral deviation) but also influences other planes (e.g., axial rotation and lordosis) (Kojima and Kurokawa, 1992; Ueno et al., 2011) . The prevalence rate in children aged 11-14 years old has been reported at 0.87% (Ueno et al., 2011) . Treatment of AIS is usually based on the magnitude of spinal curvature measured by Cobb angles (curvature angle of the spine measured in the frontal plane using a radiograph). For patients with a Cobb angle < 40°, careful monitoring and brace treatment is frequently utilized (Kakar et al., 2017b) . For patients with curvature > 40°, spinal fusion surgery may be recommended based on the severity of the curvature, likelihood of continued progression and potential for pain reduction (Kakar et al., 2017b; Lonstein, 2006) . Spinal fusion could largely correct the lateral curvature and patients with spinal fusion for AIS (SF-AIS) have demonstrated satisfactory outcomes during high-effort physical activities (Kakar et al., 2017a; Li et al., 2017) .
Appropriate motor responses and the ability to maintain an upright posture is crucial for basic physical activities (e.g., standing, walking, running) in daily life (Lim et al., 2017) . Postural stability has been defined as the ability to control the center of gravity (COG) within the base of support (Huang and Brown, 2013) . However, impaired postural https://doi.org/10.1016/j.clinbiomech.2018.11.001 Received 31 March 2018; Accepted 6 November 2018 T stability has been observed for patients with AIS (Allard et al., 2004; Beaulieu et al., 2009; Guo et al., 2006) because of the altered COG (Champain et al., 2002) and somatosensory function disorder (Guo et al., 2006) . Reduced postural stability has been reported to persist even at 90 days to one year after the spinal fusion surgery (Bustamante Valles et al., 2010; de Abreu et al., 2012) , though a progressive decrease pattern of postural sway was observed during the 90-day postoperative period (de Abreu et al., 2012) . However, Schimmel et al. (2015) found conflicting results such that spinal fusion did not substantially impact on postural stability at one year post-operation (Schimmel et al., 2015) . The controversial findings of short-term (less than one year) surgery effect could be attributed to various functional recovery among participants. Therefore, to better evaluate the influence of spinal fusion on postural control, more studies are still needed to assess the mid-to longterm outcomes.
Previous studies on SF-AIS employed traditional linear analyses (e.g., center of pressure displacement, velocity, sway area) to assess postural stability (Bustamante Valles et al., 2010; de Abreu et al., 2012; Schimmel et al., 2015) . Recently, nonlinear analyses have been used to complement linear measures and provide better understanding of the mechanisms of impaired postural control in clinical settings (Fournier et al., 2014; Lester et al., 2017) because diseases or disorders can be viewed as the breakdown of nonlinear feedback loops along with a loss of physiological complexity (Lipsitz and Goldberger, 1992) . To provide further insight into the complexity of postural control for individuals with SF-AIS, multiscale entropy was employed in the present study. Multiscale entropy is a nonlinear analysis tool to quantify complexity or irregularity of a time-series signal over multiple time-scales. Compared to approximate and sample entropy, multiscale entropy quantifies the overall complexity of a system and enables researchers investigating the effect of disorders on postural control across multiple time-scales that reflect the dynamics complexity of the human body at various levels (e.g., molecular, cellular, tissue, organ) (Busa and van Emmerik, 2016) . Multiscale entropy has been used to assess postural control for different populations (e.g., elderly, fallers, children with autism spectrum disorder) (Costa et al., 2007; Fournier et al., 2014) . In addition, Gruber et al. (2011) observed a reduced complexity of postural sway for AIS individuals without spinal fusion using multiscale entropy, which indicated a more constrained and less adaptable postural control strategy (Gruber et al., 2011) . In general, higher sway irregularity or unpredictability, measured by greater entropy, can be interpreted as improved stability with less system constraints (Cavanaugh et al., 2007; Stergiou et al., 2006) . Lower sway complexity could be related to the impaired ability to respond to a perturbation (e.g., external forces) and increased risks of falls (Gruber et al., 2011) . However, to date, the effect of spinal fusion on postural control complexity is still unknown. To provide further insight into the integration and interactions of multiple sensorimotor processes of individuals with SF-AIS, studies using multiscale entropy are necessary.
Therefore, the purpose of the study was to assess the postural stability and complexity of postural control for moderately physically-active individuals with SF-AIS at two years post-operation. Based on reported back muscle impairments (Kramer et al., 2001; Pao et al., 2014) and possible altered trunk proprioception after spinal fusion, we expect that individuals with SF-AIS would exhibit reduced postural stability and postural sway complexity compared to healthy controls.
Methods

Participants
Ten participants with SF-AIS were recruited in this study. Inclusion criteria for the SF-AIS group included: 1) 16-29 years old; 2) had a posterior approach spinal fusion for AIS at least one-year post-operation; 3) no other anatomical misalignment or other medical conditions or symptoms could affect the postural stability; 4) at least moderately physically-active based on the International Physical Activity Scale (IPAC); and 5) medical clearance to participate in the study from their spinal surgeon. Ten healthy control participants were recruited to be pair-matched to the SF-AIS participants for gender, body mass ( ± 2 kg), height ( ± 5 cm) and physical activity level ( ± 2 hr/week of similar intensity of physical activity). Participants in the control group were excluded if they had diagnosed spinal deformities, fractures or medical conditions or symptoms that could affect their postural stability. Characteristics of participants of both groups can be found in Table 1 .
Data collection
The study protocol was approved by the Institutional Review Board. Informed consent was collected from the participants before data collection. Participants' physical activity level was assessed using IPAC and height and body mass were recorded.
The limit of stability test (LOS-T) and sensory organization test (SO-T) were conducted using the NeuroCom® balance system (NeuroCom® SMART Balance Master Dynamic system, NeuroCom International Inc., Clackamas, OR, USA). These tests have presented high validity and reliability (Hebert and Manago, 2017; Pickerill and Harter, 2011) and have been suggest to be used to objectively quantify impairments to postural stability (Pletcher et al., 2017) . The LOS-T measures the maximum distance the participants can intentionally displace their COG in designated directions. For the LOS-T, participants stood on the platform of the system without shoes and faced the computer screen. The screen displayed the real-time location of the center of gravity (COG) and participants were instructed to maintain the COG in the central square targets as the starting position. During the LOS-T, participants were instructed to move the COG to eight predetermined square targets that defined eight directions of lean with 45°of intervals: forward, right-forward, right, right-backward, backward, left-backward, left and left-forward. Participants were instructed to "keep the body in a straight line and move toward each target as quickly and directly as possible". Participants were also requested to maintain the COG in the square target for eight seconds in each direction. Participants were not permitted to move the feet during the LOS-T. Participants had one practice trial before the test to become familiar with the test protocol. The order of leaning directions in a testing trial was in a clockwise direction as described above and two trials were collected.
The SO-T was used to detect any abnormalities in the patients' use of the three sensory systems to maintain balance: somatosensory, visual and vestibular systems. For the SO-T, participants were asked to maintain as still as possible for 20 s during each of the six conditions: 1) eyes open, force plate and wall were fixed; 2) eyes closed, force plate and wall were fixed; 3) eyes open, force plate was fixed and wall rotated; 4) eyes open, force plate rotated and wall was fixed; 5) eyes closed, force plate rotated and wall was fixed; and 6) eyes open, force plate and wall rotated. The rotated force plate created perturbations for the somatosensory inputs, whereas the rotated wall perturbed visual inputs. During the SO-T, the computer screen was off and the COG location was not visible. Participants had one practice trial to familiarize Clinical Biomechanics 61 (2019) 46-51 the test protocol in a consecutive order of test conditions. However, the order of test conditions in a testing trial was randomized and three trials were collected.
Data analysis
For the LOS-T, the analyzed variables included COG maximum excursion and direction control. Maximum excursion was calculated as the largest leaning distance of the COG from the central target toward the target in each leaning direction (Kolarova et al., 2013) , and this was normalized to the percentage of theoretical limit of stability. The theoretical limit of stability can be defined as the maximum excursion of COG a participant should have before he/she falls (Gibbs et al., 2016) . Direction control was calculated as the percentage of the distance that a participant was on the intended path, where a value of 100% indicated a straight path toward the intended target. Averaged values for the maximum excursion and direction control were calculated among eight leaning directions.
For the SO-T, the equilibrium score was analyzed. The equilibrium score compared the anteroposterior sway to the theoretical limit of stability. It was computed according to the following equation:
where 12.5°indicates the theoretical limit of body lean about the ankle joint in the anteroposterior direction; θ indicates anteroposterior COG sway. The angle of 12.5°was based on that on average the maximum body lean angle (body sway angle) was 8°anterior and 4.5°posterior (Nashner et al., 1989) . A score of 100 indicated maximum stability and minimum postural sway, whereas a score of 0 indicated that postural sway was close to the limit of stability (e.g., falls). The center of pressure (COP) raw data (sampling rate = 100 Hz) were output from the NeuroCom® balance system and filtered with a 4th-order low-pass Butterworth filter (cut-off frequency = 20 Hz). The sway area of COP was computed as a 95% confidence interval elliptical area. Multi-scale entropy was applied to quantify the complexity of the COP data in the anteroposterior and mediolateral directions over 20 time-scales. The sample entropy was calculated across 20 time-scales through a coarsegraining procedure (Gow et al., 2015) . The data points were averaged in nonoverlapping windows and the sample entropy was calculated in each time-scale. The sequence length (m) was 2 and tolerance (r) was 0.15 of the COP standard deviation for all time-scales based on the suggestion in previous research (Yentes et al., 2013) . See previous studies (Costa et al., 2002; Gow et al., 2015) for detailed calculations. The sample entropy was plotted against the time-scale and the area under the entropy-scale curve was calculated and defined as the complexity index. A higher value of the complexity index suggested a more complex postural sway. Independent t-tests were applied to compare the group differences (SF-AIS vs. controls) for averaged COG maximum excursion and direction control during the LOS-T. For the SO-T, two-way mixed model analysis of variance (ANOVA) was employed to test the equilibrium scores, sway area and complexity index. The between-subject factor was group (SF-AIS and control group), whereas the within-subject factor was condition (six test conditions). However, because the within-subject factor was not the major interest of the study, post-hoc analysis was not utilized. The significant difference was defined as p < 0.05, and a tendency of significance was defined as 0.05 ≤ p < 0.1 (Cramer, 2004) . A tendency of significance is sometimes described as "marginal significance" or "approaching significance" when p values are close to the threshold of statistical significance (Pritschet et al., 2016) .
Results
During the LOS-T, averaged COG maximum excursion was not significantly different between the spinal fusion and control groups (Table 2) . However, compared with the control group, a tendency (p = 0.053) of significantly greater COG path deviations (demonstrated by lower direction control scores) were observed for the spinal fusion group.
During the SO-T, equilibrium scores exhibited a significant main effect of group (p = 0.039, partial η 2 = 0.217) along with a nonsignificant interaction effect (p = 0.126, partial η 2 = 0.090). The ANOVA results indicated that the SF-AIS group featured significantly lower equilibrium scores regardless of test conditions. In addition, the main effect of group displayed a tendency of significance for the sway area (p = 0.052, partial η 2 = 0.216), whereas the interaction effect was not significant (p = 0.228, partial η 2 = 0.089). The results demonstrated that participants with SF-AIS had a tendency of increased sway area compared to the control group regardless of test conditions (Fig. 1) . For the postural control complex index (Fig. 1) , the main effect of group was not significant in the anteroposterior (p = 0.435, partial η 2 = 0.036) or mediolateral sway (p = 0.537, partial η 2 = 0.022) with nonsignificant interaction effects (p = 0.351 and 0.775, respectively), indicating no difference in postural control complexity between the groups.
Discussion
The present study investigated the postural stability and complexity of postural control for moderately physically active individuals with SF-AIS at two-year post-operation. We predicted that individuals with SF-AIS would exhibit reduced postural stability and postural sway complexity compared to healthy controls. However, our hypothesis was partially supported because only equilibrium scores during SO-T displayed significant differences between the groups. No statistically significant outcomes were observed for other variables during the LOS-T and SO-T. In addition, we observed tendencies of reduced direction control during the LOS-T and increased sway area during the SO-T for the SF-AIS group.
The ability to intentionally shift the body toward limit of stability is necessary to maintain dynamic stability during daily activities such as reaching for objects and walking (Ganesan et al., 2015) . During the LOS-T, comparable maximum excursion between the groups suggested that patients with SF-AIS exhibited satisfactory ability to voluntarily displace their COG without losing balance. However, a tendency of reduced direction control when leaning toward predetermined targets was observed for the SF-AIS group. Though the finding is not statistically significant (p = 0.053), it demonstrated a large effect size (Cohen's d = 0.93) (Cohen, 1988) , which could suggest some clinical interpretation. Accurate COG direction control requires precise muscle proprioception and well-coordinated muscle contraction. Back muscle impairments (e.g., reduced strength, flexibility, atypical muscle activities) have been reported after the spinal fusion (Kramer et al., 2001; Pao et al., 2014) . Though the influence of spinal fusion on muscle proprioception is unclear, the muscle impairments described earlier could possibly affect the coordination of muscle activities and further impact the direction control during LOS-T. Certain training programs that improve direction control of COG, back muscle strength and flexibility could be considered for rehabilitation protocol after spinal fusion. However, as no EMG data were collected in the present study, future research is still warranted to investigate the effect of spinal fusion on trunk muscle activities and proprioception to confirm our suggestions.
To our knowledge, only one previous study investigated SF-AIS limit of stability and its findings were different than that observed in the present study. Schimmel et al. (2015) utilized a reaching task and measured the displacement of COP relative to the base of support. They found that participants with AIS exhibited reduced COP displacement in both pre-operation and one-year post-operation compared to healthy controls (Schimmel et al., 2015) . The discrepancy between their study and ours was because of different tasks (reaching task vs. leaning body), measures (COP vs. COG) and post-operation time (one year vs. two years). Another study examined the limit of stability for individuals with spinal brace for scoliosis (Cobb angle = 18°after bracing) and suggested improved postural stability after bracing (Gur et al., 2015) . Satisfactory outcomes including maximum excursion and direction control have been reported (91% and 79%, respectively) (Gur et al., 2015) , which were similar to that observed in the present study (88% and 81%).
For the SO-T, a lower equilibrium score indicates greater COG sway in the anteroposterior direction. Therefore, decreased equilibrium scores in the SF-AIS group suggested that spinal fusion possibly influenced participants' abilities to control the COG in the anteroposterior direction. In addition, the nonsignificant group by condition interaction effect could be interpreted as an overall reduced ability to control COG without specific deficits in a certain sensory system (e.g., visual or somatosensory system) for the SF-AIS group. One possible reason is that postural control mechanisms may be affected by damage to the sensory tissues in the lumbar spine and trunk due to the surgery, resulting in an imprecise estimation of the COG position (Ruhe et al., 2011) . However, the influence of spinal fusion on COG mediolateral sway is still unclear. To our knowledge, no previous studies have been carried out to assess the SF-AIS sensory organization. Gur and colleagues observed that spinal bracing could improve the performance for participants with scoliosis during SO-T (Gur et al., 2015) . The equilibrium scores for participants with spinal bracing ranged from 68 to 94 among six test conditions (Gur et al., 2015) , which were higher compared to that found in the present study (ranged from 53 to 94).
Analysis of magnitude of postural sway has been used to quantitatively described postural stability and larger COP sway during quiet standing could indicate lower stability (Bustamante Valles et al., 2010; de Abreu et al., 2012) . Based on the tendency of significant group effect as well as nonsignificant interaction effect, we suggest that participants with SF-AIS had a tendency of increased COP sway area compared to the control group regardless of test conditions. The main effect of group demonstrated a large effect size (partial η 2 = 0.216) (Cohen, 1988) , which may suggest some clinical significance for SF-AIS postural stability. Previous research observed that COP could control the horizontal acceleration of COG and COP oscillated with greater magnitude on either side of the COG and maintained the centering of COG (Winter et al., 1998) . Therefore, large COG sway and imprecise estimation of the COG position for individuals with SF-AIS could result in greater COP sway. Amplitude of COP sway during quiet standing for SF-AIS has also been reported by previous studies (Bustamante Valles et al., 2010; de Abreu et al., 2012) . de Abreu et al. (2012) noted increased COP sway displacement upon post-operation compared to controls but with progressive improvement from seven days to 90 days post-operation (de Abreu et al., 2012) . Another study found improved (smaller) COP sway area at one year post-operation compared to that at pre-operation (Bustamante Valles et al., 2010) . However, the values reported in Bustamante Valles et al.'s study (2010) may not be comparable to that of the present study because of different testing protocols, conditions and sway area calculations. Though COP sway during quiet standing was somewhat affected two years after spinal fusion in the present study, we surmise that it could improve progressively and potentially reach a similar level as healthy controls over the long term (longer than two years). However, research on long-term outcomes is still needed.
An optimal sway complexity has been suggested as the indicator for a healthy postural control system with various motor strategies (Duarte and Sternad, 2008) . For individuals with SF-AIS, we observed comparable COP complexity in the anteroposterior and mediolateral sway versus healthy controls. The finding may suggest that SF-AIS could not influence the dynamic complexity of human body structures for the integration of sensory information and execution of movement. Individuals with SF-AIS may have satisfactory ability to cope with unexpected perturbations in daily activities.
A previous study observed reduced sway complexity for patients with severe scoliosis (Cobb angle > 29°) versus individuals with a less severe scoliosis (Cobb angle < 27°) and controls (Gruber et al., 2011) . The researchers suggested severe scoliosis could largely shift the COG and the need to control the shift could result in a reduction in sway complexity (Gruber et al., 2011) . Spinal fusion might have corrected the spinal curvature and limited the COG shift so that participants with SF-AIS in the present study did not exhibit the altered postural control strategy (i.e., less sway amplitude and sway complexity) that was observed in Gruber et al.'s study (2011) .
Several limitations should be taken into consideration when interpreting the findings of our study. Firstly, the sample size in the present study was small, which may increase the type II error (false negative). The outcomes with statistical tendencies (i.e., COG direction control and COP sway area) may truly differ between the groups thus need to be confirmed by future research with a larger sample size. Secondly, participants with SF-AIS had some variations in fused vertebral segments, which may affect their postural control differently. However, most participants in the SF-AIS group had more than ten fused vertebral segments affecting from T4 (4th thoracic vertebra) to L2 (2nd lumbar vertebra). Lastly, healthy controls were slightly older than SF-AIS participants (20.6 vs. 17.4 years). Yet, we strictly pair-matched controls to the SF-AIS participants for gender, body mass, height, and physical activity level to minimize the effect of the aforementioned factors on postural stability.
Conclusions
Most postural control variables tested of SF-AIS were comparable to healthy controls except for significantly reduced equilibrium scores during SO-T. In addition, participants with SF-AIS exhibited tendencies of reduced COG direction control during the LOS-T and increased COP sway area during the SO-T. Although COG control might be somewhat affected, SF-AIS individuals who were moderately physically active likely progressively learned to adapt postoperatively to their fused spine to meet the postural demands required when performing physical movements. We suggest that spinal fusion is a satisfactory treatment in regard to the recovery of postural stability.
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